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ABSTRACT
The seismic vulnerability modelling of different categories of buildings analytically requires methodologies capable of capturing
the wide range of building standards, construction practices, architectural layouts, earthquake design scenarios and available
knowledge. Current vulnerabilitymodels employ varying assessment approaches, building taxonomies, representations of seismic
loading and, in some cases, rely on a limited number of archetype structural models to represent an entire building class.
Consequently, these structural models are likely to oversimplify the seismic behaviour of an individual building, fail to adequately
capture the reality of building-to-building variability and inadequately account for multiple sources of uncertainty, particularly
when applied to regional contexts. Addressing these issues requires a probabilistic approachwhere seismic vulnerability is assessed
usingmodels of building portfolios that can reflect features related to engineering design practice, aswell as construction variability
and quality. To achieve this objective, this article introduces a collaborative framework for the simulated design of buildings,
along with the open-source software package developed for its integration into the Built Environment Data initiative, a planned
service within the European Plate Observing System. The simulated design framework accommodates the design of buildings
using both historical and modern seismic design procedures and regulations, while capturing building-to-building variability.
Following the design process, the framework generates OpenSees computational models for nonlinear analysis, facilitating the
development of probabilistic seismic demand models, fragility functions and vulnerability models. The framework’s capabilities
are demonstrated through examples that highlight notable distinctions among the building classes under consideration and
emphasise the importance of the attributes involved in the design process. The collaborative nature of the framework presented
here enables the earthquake engineering community to contribute to a growing database of seismic design practices, encompassing
a wide range of design codes.
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1 Introduction

Natural hazards such as earthquakes, floods and hurricanes pose
significant threats to human life, infrastructure and economic sta-
bility. While the occurrence of these events (hazard assessment)
and the presence of people and assets in affected areas (exposure
assessment) are important, understanding how these elements
respond to hazard events (vulnerability assessment) is crucial for
an accurate risk evaluation. Vulnerability modelling, therefore,
plays a critical role in comprehensive risk assessments for
earthquakes and other natural hazards. It involves evaluating the
susceptibility of structures, populations and systems to damage
when exposed to hazard events. By considering factors such as
building design, construction materials, maintenance practices
and socio-economic conditions, physical vulnerability models
help predict the extent of damage in the built environment and
inform the development of effective risk mitigation strategies [1].

In seismic risk assessment, physical vulnerability modelling
focuses on the response of buildings and infrastructure to
earthquake-induced ground shaking. This involves developing
fragility functions, which describe the probability of a struc-
ture reaching or exceeding a certain damage state, given the
occurrence of a specific intensity of ground shaking. Over time,
different methods have been employed to develop these func-
tions, including analytical, empirical and hybrid methods [2].
Among these, analytical methods (e.g., [3, 4]) are advantageous
because they provide a quantitative assessment of structural
behaviour without relying on expert judgment, thus minimising
the subjectivity perceived in other approaches. Furthermore,
analytically derived fragility functions provide a transparent and
thorough framework for managing uncertainties. However, the
assumptions and idealisations inherent to the selected analytical
modelling approach can limit their ability to fully capture the
complexities of actual structural behaviour, raising questions
about the reliability of the derived fragility functions when
compared to empirically collected data (see [5]). In addition,
these methods can be computationally demanding and resource-
intensive, making them less practical in earlier studies when
computational power was limited.

As such, various approaches have been employed worldwide
to develop fragility functions through independent research,
regional initiatives and government-funded programmes. In
the United States, with support from the Federal Emergency
Management Agency, numerous fragility functions representing
common building typologies have been derived and implemented
in the HAZUS software package [6]. In Europe, several European
Union-funded projects, such as the RISK-UE (2001–2004) [7]
and LESSLOSS (2004–2007) [8], have contributed significantly
to the development of fragility and vulnerability functions. In
South America, Villar-Vega et al. [9], in collaboration with
local experts, developed fragility functions for different building
classes. Moreover, fragility functions have been developed for
the dominant building typologies in specific countries by various
researchers, including Erberik [10, 11] and Erdik et al. [12]
for Türkiye, Borzi et al. [13, 14] for Italy, Salgado et al. [15]
for Colombia, Silva et al. [16, 17] for Portugal and Motamed
et al. [18] for Iran, for example. Among these studies, different
approaches were adopted to represent the structural system

(i.e., simplified single- or multi-degree-of-freedom models, i.e.,
SDOF or MDOF models), and the potential variability of seismic
design regulations over time was not always captured with
the same level of detail. While these studies have significantly
advanced the field of seismic vulnerability modelling, they also
highlight several challenges and limitations, especially for large-
scale risk assessment applications. In this context, a common
issue is the generalisation of models, which often rely on diverse
assessment approaches, broad building class definitions, and, in
some instances, a limited number of representative structures to
characterise an entire building class. Consequently, existingmod-
els frequently fail to fully capture building-to-building variability
and to adequately account for multiple sources of uncertainty.
Moreover, it is seen that analytical vulnerability assessment
strategies vary between two extremes—theuse ofmany simplified
SDOF models to capture inter-building variability, or a few
detailed MDOF models to explore intra-building uncertainty,
with computational power typically being the limiting factor. As
highlighted by Silva et al. [19], both approaches involve trade-
offs in uncertainty treatment and scalability, suggesting that an
optimal solution may lie in combining the two, for example,
through the calibration of simpler SDOF models using detailed
MDOF models. Addressing these challenges requires a more sys-
tematic approach that accounts for thewide range of construction
practices, building codes, architectural layouts, seismic design
scenarios, and material quality across regions while supporting
the transition between two vulnerability modelling approaches.

To address some of these issues, the recent European exposure
model [20] developed within the scope of the Horizon 2020
project SERA (http://www.sera-eu.org) introduced the evolution
of seismic design codes and the seismic demand zonation as
attributes of the building class taxonomy for reinforced concrete
(RC) buildings. The idea behind the proposed taxonomy consisted
of complementing the morphological data that is often available
(either based on existing national statistical data [21, 22], sidewalk
surveys [23], image processing [24], or remote-sensing techniques
[25]) with information about the expected strength and ductility
of these buildings. As shown by Crowley et al. [20], when creating
an exposure model to be used at a continental scale, only a few
morphological attributes of buildings, such as the number of
storeys, the year of construction, the main construction material
and the type of structural system are usually possible to be
adopted, based on existing data. Previous studies have also used
ductility as an attribute aiming to distinguish different building
classes, by adopting mapping schemes [26, 27] that combine
the year of construction and/or the seismicity of the region to
establish possible ductility classes. Nonetheless, such definitions
can be limited in terms of flexibility (in time and geography)
and are not likely to allow the use of the same vulnerability
model at a continental scale or local level. A major step towards
achieving this flexibility was made by Crowley et al. [28] by
proposing a mapping scheme that decouples the seismic strength
(therein represented by the lateral load coefficient, β, defined
as a percentage of the building weight) from the seismic design
principles (namely their respective ductility-related aspects). In
that mapping scheme, the taxonomy is comprised of four design
classes, representing the prevalent seismic design practices in
Europe during different periods (CDN: absence of seismic design,
CDL: designed for lateral resistance using allowable stress design,

2 of 20 Earthquake Engineering & Structural Dynamics, 2025

 10969845, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.4378 by G

erard O
'R

eilly - U
niversita D

i Pavia , W
iley O

nline L
ibrary on [19/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.sera-eu.org


CDM: designed for lateral resistance with modern limit state
design, and CDH: designed for lateral resistance as in CDM
coupledwith target ductility requirements). The adoption of these
categories provided a harmonised classification of seismic design
codes and approaches across Europe,which reflect not onlymajor
changes in the seismic zonation but also the variations in seismic
design provisions, structural design principles and construction
practices over time. Notably, it is envisioned that these efforts
focused onRC frame structures inEurope can be further extended
to encompass additional building taxonomies within specific
country contexts.

Although the approach introduced by Crowley et al. [28]
enhances the characterisation of RC buildings, many other
attributes, such as geometrical and structural details, are still
missing in currently available exposure models. In this regard,
simulated design procedures can serve as by-pass strategies to
overcome the limited level of information, that is, often available
regarding the details of a building design, as recognised by
the European seismic safety assessment standards, that is, the
Eurocode 8–Part 3 [29], for assessing the seismic safety of an RC
building where there is limited knowledge. By simulating the
design procedure, that is, what an engineer during that period
would have likely done, only a few geometric variables, material
properties and construction quality levels are required to generate
a possible structural configuration for a building to be assessed.
Past research (e.g., [14, 30–39]) has also used simulated design
approaches to reduce epistemic uncertainty in the quantification
of seismic vulnerability of building portfolios, mostly to automate
the generation of building layouts and their consequent design
to generate larger samples of building models for seismic perfor-
mance analysis. In linewith this, the seismic vulnerabilitymodels
of low- to mid-rise RC frame buildings for the 2020 European
Seismic RiskModel [40] were developed using a simulated design
approach involving randomised building portfolios. In particular,
to account for the building-to-building variability within a given
building class, the geometric variables required for the simulated
design procedure were randomly generated based on existing
statistical distributions. The resulting designs were then idealised
as nonlinear SDOF systems and analysed using a record-to-record
uncertainty propagation method (i.e., cloud analysis) to develop
fragility and vulnerability functions.

Despite these advancements, it is important to highlight that
the statistical information about the general building properties,
such as span lengths, storey heights and material strength
properties, can vary significantly depending on the country or
region. Moreover, the implementation of building codes and
design practices is different in each country, even today. In fact, a
detailed analysis of a specific country’s standards (e.g., [41]) can
reveal deviations from the generalised building class definitions
proposed in Crowley et al. [20], especially when seismic events
have led to changes in the country’s design practices. While
existing simulated design procedures typically align with the
seismic design codes in effect at the time, their focus has remained
on country-specific applications and localised studies, and no
generalised framework has yet been developed to address these
challenges on a broader scale. Moreover, existing procedures
usually do not incorporate certain common design practices (e.g.,
column uniformity over height, preferred section dimensions
and reinforcement ratio limits) that can influence seismic vul-

nerability. Another key limitation lies in the lack of conformity
between the actual buildings and those generated strictly by
following design rules. Construction quality can affect material
properties (i.e., mean values and variability), construction details
(i.e., stirrup spacing, confinement, anchorage effectiveness) and
geometrical variables, but including these issues into seismic
design frameworks is rarely implemented. Numerical modelling
choices influenced by the construction quality are often absent
from traditional vulnerability models, creating further gaps in
their ability to provide realistic risk assessment results compared
to the observed reality following seismic events [5]. Furthermore,
there has been no effort to develop an integrated simulated
design-based framework that allows analysts to incorporate
modelling strategies capable of addressing building class-specific
deficiencies identified through experimental (e.g., [42, 43]) or
reconnaissance studies (see [44–47]).

To address these challenges systematically, this article presents a
flexible and unified framework for the simulated design of build-
ings. The proposed framework builds on the developments of the
SERA project, combined with advancements in object-oriented
programming implemented in Python. The framework’s key
innovation lies in employing the principle of composition over
inheritance to derive design solutions for individual structural
components and the structure as a whole, while preserving the
generality and adaptability of the design procedures. Moreover,
the randomised building portfolios produced by the simulated
design are then used to generate computational models that
can account for construction quality factors, thus facilitating the
development of vulnerability models that can effectively capture
building-to-building variability. This article presents the main
components of the proposed framework for the case of RC frame
buildings, but the same approach is extendable to other building
typologies. The framework’s capabilities are illustrated based on
examples of European design practices that showcase relevant
differences among building types and emphasise the critical role
of design and structural attributes in the vulnerability assessment.
Finally, it is highlighted that, by using open-source software
implemented in programming languages commonly taught in
university engineering programmes, the structural engineering
community is encouraged to contribute to expanding the pro-
posed framework, namely by introducing components that reflect
other seismic design practices included in past or current building
design codes. This collaborative environment will be further
promoted by integrating this simulated design framework into
the Built Environment Data (BED) initiative (http://builtenvdata.
eu), a forthcoming service within the European Plate Observing
System (EPOS). The BED initiative aims to provide access to
data and services related to the built environment, with recent
examples being the Experiments database outlined by Shah-
nazaryan et al. [48] offering access to experimental data from
different laboratories, or the Embodied Carbon service developed
by Caruso et al. [49]. The SimDesign framework presented here
therefore integrates with this broader goal of BED and is available
at https://simdesign.builtenvdata.eu.

2 Framework Overview

The proposed simulated design framework provides a clear
workflow for designing structures that represent typical buildings
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FIGURE 1 General overview of the workflow defined for the proposed simulated design framework.

of a country or region, and generating the corresponding 3D
nonlinear numerical models in OpenSees [50]. These models can
ultimately support the generation of vulnerability models where
the key variables affecting the building behaviour are clearly
known, and thus, the building taxonomy can be well-described.
To this end, the proposed framework follows the workflow
involving the four main steps illustrated in Figure 1. It is noted
the framework developed and described herein is for the case
of RC moment resisting frames (MRFs), but the same approach
is envisaged to be extended to other structural typologies (e.g.,
braced frames, shear wall buildings) and materials (e.g., steel,
precast).

The first step involves generating an information dataset, which
captures the general characteristics of buildings constructed,
or planned for construction, in a specific area, to guide the
design of buildings within a portfolio. This dataset includes
primary attributes that define the selected building class, remain
consistent across the building portfolio and serve as inputs to the
framework along with the size of the portfolio. These attributes
are, namely, the number of storeys, the lateral load coefficient, β,
and the design class, which represents the regional or country-
specific seismic design practices adopted during a certain period
of time (e.g., CDL as defined by [28]). Additionally, the dataset
contains secondary attributes, which involve information such
as typical material grades and the expected construction quality
level, as well as geometry variables such as in-plan configurations
and storey heights. Collectively, the secondary attributes and the
geometry variables account for building-to-building variability
and are established through random sampling from probability
distributions specific to a given design class.While these probabil-
ity distributions are often readily available (e.g., [16, 51, 52]), they
can also be derived through collaborative efforts, and adjusted
to reflect the regional or country-specific contexts. At the end of
this step, the generated dataset for the building portfolio, or the
building realisations, is stored in the Building Class Information
Model (BCIM) database.

In the second step, each building realisation in the BCIM
undergoes a simulated design procedure that aims to replicate
the approach an engineer would follow to define a feasible
design solution. This process accounts for the regional seismic-
ity, represented by β, and iteratively determines the structural
member dimensions and reinforcing steel configurations that
meet all the design code requirements and design practice rules.
The procedure is adaptable, allowing the incorporation of rules
and practices tailored to specific design classes. For instance,

the design can be based on gravity load combinations only, as
in the case of older buildings, or expanded to include seismic
load combinations. Moreover, as more research on the historical
evolution of national design codes advances (e.g., [41]), it will
become possible to integrate country-specific design classes while
preserving the generality of the iterative design algorithms. This
adaptability fosters the framework’s continuous development,
making it relevant across diverse regions and evolving seismic
design practices. In the next step, a quality-based modification of
the designed structure is introduced to account for construction
quality and potential spatial irregularities. More specifically, for
each structural component, deviations in material properties
and reinforcement detailing from expected values are introduced
based on the construction quality level–categorised qualitatively
as Low, Moderate or High. At the end of this stage, the final
design details of each building, such as material properties,
reinforcement configurations and section dimensions, are stored
in the Building Design Information Model (BDIM) database.

In the final step, the building design data are used to develop
3D nonlinear numerical models in OpenSees [50], utilising
both the traditional .tcl interpreter and the recent Python .py
interpreter [53]. These numerical models incorporate structural
features associated with both the construction quality and the
design class. For instance, shear failure of columns is modelled
when capacity design principles are not applied for a specific
design class, and bond-slip effects are included to account for
poor construction quality. In addition to the numerical models,
routines for performing modal and nonlinear static pushover
analyses of each building are saved and stored in the Building
Nonlinear Structural Model (BNSM) database.

To enable the described level of control, the framework was
implemented in Python using object-oriented programming [54].
While the current implementation only includes RC MRFs, the
workflow is adaptable to buildings with other structural systems.
In order to ensure such modularity and scalability for future
extensions, the proposed rcmrf framework is integrated within
the broader umbrella library, simdesign (available at https://
github.com/builtenvdata/simulated-design), as represented in
Figure 2. The framework is organised into four distinct sub-
packages, geometry, bcim, bdim and bnsm, each contributing to
the implementation of the workflow described earlier. Among
these, the geometry package, as the name suggests, is responsible
for creating the geometrical representations of buildings, which
serve as a foundation for the application of the workflow. The
bcim package is used for generating the aforementioned BCIM
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FIGURE 2 The structure of the simulated design library and the RC
MRF design framework.

data in the first step, by utilising a database of decision trees
and probability distributions that can be expanded to include
additional design classes. The bdim package facilitates the gen-
eration of BDIM data in the subsequent steps. It dynamically
manages various building design classes, where each is imple-
mented in dedicated modules that provide specific components
and functionalities, while inheriting general-purpose features
from a shared base module. This high level of abstraction
allows the seamless integration of new design classes without
compromising generality. Finally, the bnsm package is utilised
to complete the workflow by generating nonlinear bare frame
models using a lumped-plasticity approach. Nevertheless, with
a similar abstraction, it can be easily modified and extended
to incorporate alternative modelling considerations, such as
distributed plasticity or infills.

The current Python implementation for RC MRF’s includes pro-
cedures representative of the generalised European design classes
proposed in Crowley et al. [20], but the integration of design
procedures for several country-specific design classes is ongoing.
In particular, the CDN design class refers to older structures
(constructed before the 1960s), designed only for gravity loads
using the allowable stress method and typically employing low-
strength materials. The design rules from the early standard
RBA-1935 [55] are adopted herein for this design class, which
are considered to be representative of the European practice at
the time. As mentioned in the standard, its design rules were
developed based on those found in regulations, standards and
guidelines from countries such as Austria, Belgium, Denmark,
Germany, Hungary, Italy, Sweden and Switzerland published
between 1924 and 1933. The CDL design class considers buildings
constructed between the 1960s and 1970s, designed using design
codes that introduced seismic design rules involving lateral loads
with a distribution pattern proportional to the floor weights.
More specifically, structural designs follow the material-specific
provisions found inREBA-1967 [56],which are based on allowable
stress design or a stress-block approach [57]. As mentioned in the
standard, its design rules were developed based on the guidelines
published in 1963 by the Comité Européen du Béton (CEB)
[58]. Therefore, this standard is also assumed to be generally
representative of the European practice at the time. The CDM
design class is representative of buildings constructed between

the 1970s and 2000s, designed with the concepts of ultimate
strength and partial safety factors, commonly referred to as
limit state design, and incorporating improved detailing rules
to enhance global ductility, in line with more modern design
standards. In this case, the implementation follows the provisions
of REBAP-1983 [59, 60], which distribute seismic lateral loads
as a function of both floor weights and storey heights. As
mentioned in this standard, its design rules were developed based
on the 2-volume recommendations published in 1978 by the
CEB [61, 62] which include the 1978 Model-Code and influenced
the evolution of reinforced concrete design regulations across
Europe. Therefore, REBAP-1983 is also assumed to be generally
representative of the European practice at the time. Lastly, the
CDH design class reflects contemporary seismic design prac-
tices (from the early 2000s until now) that implement capacity
design principles and reinforcement detailing aimed at achieving
specific levels of ductility. More specifically, the design require-
ments and rules outlined in the Eurocodes [63, 64] for ductility
class medium (which is assumed to reflect the most frequently
adopted ductility class in Europe) are considered within the
implementation.

The following sections address the detailed implementation of
the proposed framework, focusing on the generation of the BCIM
and BDIM datasets and the development of numerical models for
the BNSM. These descriptions aim to establish a solid foundation
for future extensions of the framework, therefore ensuring its
adaptability and scalability.

3 Building Class Information Model

For large-scale seismic risk assessment applications, buildings
comprising an exposure model can be classified based on several
structural attributes [27]. For instance, the primary attributes
considered in the SERAproject include the constructionmaterial,
the lateral load-resisting system, the number of storeys and
the expected ductility level, which can be inferred from the
seismic design practices in effect at the time of construction
(i.e., the design class) and the hazard level (defined by β). These
attributes are usually combined to form a taxonomy string [27,
65] to identify what is referred to herein as a building class.
When additional information is available, this taxonomy string
can be further refined to include information about attributes
such as beam and column types, the construction quality,
or multi-level attributes like material properties. However, as
detailed information is usually unavailable, the uncertainty
associated to these secondary attributes should be incorporated
into the building portfolio. Moreover, buildings classified with
the same taxonomy string within a portfolio often exhibit
diverse geometries, meaning they can have different in-plan
configurations, bay widths and storey heights. These geometric
characteristics are intrinsic to the building portfolio and must
also be accounted for to effectively capture building-to-building
variability.

In light of this, to incorporate the aforementioned sources of
uncertainty when generating a building portfolio, the framework
takes the primary attributes (i.e., number of storeys, design
class and β) that define the building class as an input and
generates samples of the secondary attributes and samples of
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TABLE 1 The secondary taxonomy attributes in BCIM concerning beams, columns, slabs and quality.

Colum type Beam type Slab type Construction quality

Square Emergent (EB) Solid two-way cast-in-situ slabs (SS2) Low
Rectangular Wide (WB) Solid one-way cast-in-situ slabs (SS1) Moderate
— — Composite slabs with pre-fabricated joists

and ceramic blocks (HS)
High

FIGURE 3 Illustration of the sampling processes for generating the BCIM data, with sampled data (outputs) highlighted in bold.

the variables describing the building geometry (e.g., by using
available probability distributions). The secondary attributes
considered herein includes those provided in Table 1, as well
as steel and concrete grades, which are mapped to their corre-
sponding material properties during the design stage. Regarding
the sampled geometry variables, these are as follows: (1) typical
and ground storey heights; (2) standard bay widths along the
principal horizontal directions, X and Y; (3) staircase bay width
along the X-axis and (4) layout ID, which can be mapped
to a building in-plan configuration in the layouts database.
Currently, each configuration in the database is described by
the corresponding number of evenly spaced bays in both hor-
izontal directions and the designated staircase location, but
the database can be extended to encompass irregular plan
layouts. As a result, the BCIM dataset, with the specified sample
or portfolio size, comprises information on all the attributes
and geometry variables for each building to guide the design
process.

Figure 3 illustrates the implemented sampling process, which
relies on random generators and decision trees developed based
on experience and engineering judgement. The random gen-
erators use probability distributions to represent the general
characteristics of the building stock, while the decision trees
capture correlations between certain random properties and
other characteristics, often reflecting assumptions made during
the design process. Before beginning the sampling process, for

a given design class, the parameters utilised in the probabilistic
models are retrieved from the corresponding data file (a .json file
named after the design class). While default values are available
for each parameter, these can be replaced by alternative user-
defined values. This can be particularly useful if more accurate
information on the building stock is available. The complete list of
parameters that can be input is provided in Tables A1 through A9
of the Appendix A.

After setting the input parameters, discrete probability distribu-
tions are first used to assign material grades, quality level, layout
ID and column type, each sampled independently. Storey heights
are then generated in the following two stages: the typical storey
height is drawn froma truncated lognormal distribution, followed
by an adjustment factor sampled from a discrete distribution to
compute the ground storey height. This value is then capped
by a predefined upper limit to ensure feasible configurations.
Simultaneously, the staircase bay width along the X-direction
is sampled from a uniform distribution over a specified range.
Next, standard bay widths in the X- and Y-directions are jointly
sampled from a multivariate truncated lognormal distribution,
ensuring realistic values while preserving geometric correlations.
Once the standard bay widths are established, a decision tree
is used to assign the slab type. This process begins by com-
paring the shortest span length against a predefined threshold;
if this threshold is exceeded, the slab type is directly assigned
as a HS. If the threshold is not exceeded, the decision logic
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FIGURE 4 Example of (a) customised and (b) standard frame geometries (rectangles highlighted in blue indicate staircase location whereas those
in grey indicate floor slabs).

considers the aspect ratio limits for solid slabs. Based on these
criteria, the slab type is then sampled from discrete distributions,
resulting in either SS1, SS2 or HS. Following this, a secondary
decision step assigns the beam type: if HS is selected, the beam
type is sampled from a discrete distribution; otherwise, it is
set to EB. This logic ensures that the resulting configurations
are both realistic and aligned with typical structural design
practices.

Once the sampled data are obtained, the framework instantiates
the StandardGeometry class that establishes the object represen-
tations of the building geometries in Python. For each object (i.e.,
each building geometry), the grid system is defined based on the
specified in-plan configuration and the number of storeys. The
grid spacing is then determined using the bay widths and storey
heights. Subsequently, lists of simple mesh objects are created to
represent different structural components, that is, Point for joint,
Line for beam or column, and Rectangle for slab or stairs. All
the geometry objects are later used to inform the engine about
the connectivity of structural components during the design and
numerical modelling stages. As shown in Figure 4, while the
framework has the capability to generate irregular geometries,
the current layouts database is limited to regular and orthogonal
in-plan configurations. Furthermore, the buildings currently
considered by the framework feature a single continuous staircase
spanning the entire building height. Accordingly, beams span-
ning along the X-direction and supporting the stairs are included
at each mid-storey height to reflect realistic structural behaviour.
Once the BCIM and the corresponding StandardGeometry objects
are generated, they are combined into TaxonomyData objects for
each building realisation, which serve as the inputs to start the
simulated design process that will derive the BDIM.

4 Building Design Information Model

Regardless of the specific country or region, the seismic design
of RC frame buildings typically follows a well-defined sequence
of steps, grounded in engineering principles and regulatory
building codes. The process usually begins with the defini-
tion of seismic loads and general building characteristics. The
engineer determines the seismic hazard level for the building’s
location, for a given return period, often expressed in terms of
peak ground acceleration or obtained from an elastic acceler-
ation response spectrum. These parameters are then adjusted

for design purposes, accounting for site-specific characteristics,
building importance and the behaviour factors associated with
the structural system’s ductility. Simultaneously, based on the
architectural layouts, the locations of structural members (e.g.,
beams, columns and slabs) are identified, and the lateral load-
resisting system is defined. This is followed by the initial selection
of the types of structural members and materials to be used,
thus finalising the conceptual design. As mentioned earlier,
the framework consolidates this essential information in the
TaxonomyData, which provides the necessary input to initiate the
iterative simulated design procedure.

4.1 Iterative Design Algorithm

Upon determining the conceptual design of the building and
the relevant loads, the initial phase of the iterative design
process concerns preliminary member sizing. Initial dimensions
for structural members, such as columns, beams and slabs, are
selected based on engineering practice rules, minimum dimen-
sion requirements specified in building codes and the expected
design value of permanent and live design loads (i.e., gravity
loads). Basically, a first guess of the member sizes is needed
in order to evaluate their suitability to withstand the identified
loads. These member sizes are a baseline for subsequent design
iterations. As a common practice, once the preliminary sizing
is completed, section dimensions are uniformised, along the
building height for columns and along continuous spans for
beams.

Once the preliminary design is established, the next step involves
detailed calculations of the internal forces resulting from each
considered loading case. Accordingly, an elastic numerical model
of the structure is constructed, and linear elastic analysis is
performed for each load case. To better approximate the actual
behaviour, stiffness values in the numerical model are adjusted
using coefficients to account for cracked sections and not gross
section properties, when required by a certain design code.
The seismic loads are defined based on the β coefficient and
applied using the equivalent lateral force method. However,
the framework can also be extended to support the response
spectrum analysis method in future implementations. Following
this, the resulting member forces are combined by superposition
in accordance with the load combinations prescribed by building
codes.
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In the subsequent step, section dimensions are verified under
the given design loads. This verification process involves the
following:

1. Assessing the economic feasibility of section dimensions
based on engineering rules of thumb;

2. Verifying admissible section stresses or other local checks, if
required;

3. Performing global checks, such as drift limits, if mandated by
the building code.

In the next step, following either working (or allowable) stress
design (for designs based on older codes) or limit state design (for
designs based on modern codes), a reinforcement configuration
solution is sought for eachmember section, based on the available
steel diameters and reinforcement detailing practices, ensuring
all design criteria are satisfied. If capacity design principles are to
be followed, the procedure also involves the following:

1. Determining beam longitudinal reinforcement and calcu-
lating capacity design shear forces to define the transverse
reinforcement;

2. Calculating capacity design bending moments for columns
to determine their longitudinal reinforcement, followed by
deriving capacity design shear forces to define the transverse
reinforcement.

Once reinforcement configurations are determined for each
relevant member section, they are uniformised or adjusted to
align with construction practices, for example, the same rein-
forcement configuration is considered at two adjacent beam span
ends. Finally, local ductility checks (e.g., verifying maximum
longitudinal reinforcement ratios) are performed.

If the design verification fails or no suitable reinforcement config-
uration is found for a given member section, its dimensions are
increased and the steps following preliminary sizing, including
the section uniformization, are repeated. This iterative process
continues until a successful design solution is achieved. However,
if the maximum admissible section dimensions are reached
and the design still does not meet the requirements, the initial
assumptions defined in the TaxonomyData are systematically
revised. First, the beam type is checked; if it is defined as a wide
beam, it is changed to an emergent beam. If this modification
does not lead to a feasible solution, the material properties
are revised by selecting higher-strength concrete or steel grades
provided such alternatives are available. If no such alternatives
exist, the column type is then revised, that is, the type of column is
changed to square if it is rectangular. Each time a change is made,
whether to beam type, material grade or column shape, the entire
design process is restarted, including preliminary sizing and all
subsequent steps, considering the newassumptions. If all possible
modifications are exhausted and no valid solution is found, the
process is terminated without a feasible design solution. This
iterative design algorithm was systematically implemented in an
automated manner, as illustrated in Figure 5.

4.2 Design Class Constructors for RCMRF
Typologies

In light of the previous discussion, the bdim package is struc-
tured to reflect the iterative design procedure and serves as a
cornerstone of the framework, enabling the simulated design of
buildings in compliance with different regional and temporal
seismic design practices. Accordingly, bdim comprises a series
of sub-packages, each named after a specific building design
class, thus referred to as Design Class Constructors (DCC). These
DCCs implement design methodologies and rules reflecting their
respective design codes and regional practices. Additionally, at its
core, the package includes a foundational base library, the baselib
sub-package, which provides a general interface and shared
methods for all DCCs, including the implementation of the
iterative design procedure, which reflects how structural design
follows a set of basic engineering principles, regardless of region
or era. As shown in Figure 6, the baselib acts as the template
from which DCCs inherit or adapt their functionality. It includes
abstract classes and core methods that serve as the backbone
for all DCCs. Each DCC inherits these base functionalities and
overrides or extends them as needed to align with its specific
structural design code requirements and/or regional practices.
This design architecture allows the bdim package to maintain a
high degree of modularity and reusability and ensures that new
DCCs can be easily integrated into the framework. Developers
can focus on implementing code-specific rules for a new design
class while leveraging the robust, pre-existing functionalities
provided by baselib. Since the inherited base classes contain
numerous attributes and methods; only the key aspects of
each class are highlighted in the following for the sake of
brevity.

4.2.1 Building Class

The framework dynamically maps the TaxonomyData to the
appropriate building design class implementation, or DCC, gen-
erating instances of the corresponding Building class. These
classes act as a central orchestrator during the simulated design
process, consolidating the instances of all other classes and all the
methods necessary for executing the iterative design algorithm.
In any DCC implementation, if column section dimensions are
to be uniformised per a specified number of storeys instead
of the entire building height, the relevant step size attribute
must be explicitly set. Likewise, if the capacity design principles
are to be followed, the safety or overstrength factors associated
with capacity design forces–i.e., beam shear, column bending
moment and column shear–must be explicitly specified in the
relevant attributes of the Building classes; otherwise, they will
not be included in the design forces. It is worth mentioning
that the default methods provided in the baselib follow the
Eurocode 8 [63] standards for computing these forces. Therefore,
if an alternative approach is specified for a new design class,
developers must override the corresponding methods to ensure
alignment with the relevant specifications. Although not imple-
mented in the current version of the framework, methods for
performing global checks, such as verifying prescribed storey
drift limits, could be integrated into the Building classes if
required.
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FIGURE 5 Iterative design algorithm implemented in the framework.

FIGURE 6 Modules (.py files) within the base design library (baselib) and key class inheritances illustrating the relationship between base classes
(in green) and design-class-specific implementations (in red).

4.2.2 Materials Class

Within each Building instance, during the design process, mate-
rial properties needed during the design process are accessed
through Steel and Concrete instances, which encapsulate key
characteristics of steel and concrete, such as strength, partial
factors, and elastic shear andYoung’smoduli. Given thatmultiple
material grades may be relevant for a DCC, each implementation
includes a data file (e.g.,materials.json1) where specific properties
can be explicitly defined and used to create Steel and Concrete
instances for various materials in the database. These instances
are managed through aMaterials object (Figure 6), which allows

the framework to change the basic material properties seamlessly
as needed during iterative design processes. Material properties
that need to be computed as functions of the basic properties,
such as characteristic strengths are derived using defaultmethods
provided in the base Steel and Concrete classes unless explicitly
defined in the database. Therefore, when additional material
properties are required, they must be explicitly defined in the
database. Likewise, if the default formulations for calculating
any property differ from the required specifications or practices,
the relevant methods should be customised within the DCC to
ensure the designs remain compliant with specific codes and
practices.
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4.2.3 Loads and Elastic Model Classes

Loading definitions necessary for structural analysis aremanaged
through the instance of the corresponding Loads class in any
DCC, as shown in Figure 6. For seismic loading, this instance
computes the equivalent lateral forces associated with each
seismic mass using the β coefficient. As the calculation method
may vary between DCCs, it may be necessary to override the
corresponding method in the base class. Furthermore, the Loads
instance integrates Variable and Permanent objects, which define
relevant gravity load sources, and a list of Combination objects,
providing a comprehensive set of load combinations to represent
various design scenarios. To facilitate the generation of these
objects, each DCC must include a data file (e.g., loads.json2)
where the values for variable loads (e.g., live loads on floor, roof
and staircase) and permanent loads (e.g., finishes, infill walls
and self-weight of RC components) are specified, along with the
load cases and corresponding factors for each load combina-
tion. Meanwhile, during the design iterations, the ElasticModel
class is utilised to create linear elastic frame models with rigid
diaphragms. It facilitates the structural analyses under various
load cases to estimate demands on structural components such
as beams and columns for each load combination. For seismic
loading, in order to account for cracked stiffness in beams and
columns, when required by a certain DCC and regardless of the
β value, the effective or reduced moment of inertia is considered
in the numerical modelling. Typically, the base implementation
of this class does not require modifications in the DCCs, unless
additional demand parameters (beyond element forces from load
combinations) need to be stored during the analyses.

4.2.4 Beam and Column Classes

Structural elements such as beams and columns are instanti-
ated as lists of the corresponding Beam and Column objects,
based on the relevant basic geometric representations (i.e., Line)
described earlier, which are retained as attributes. The Beam
objects represent rectangular beams, with cross-section dimen-
sions constrained by upper and lower limits, as well as aspect
ratios that are defined differently for the two beam types, EB
andWB. Each Beam object includes a preliminary designmethod
that estimates the initial section dimensions before the iterative
design process begins, to ensure a faster convergence towards
the final design solution. While a default implementation of this
method is provided in the base class, it is highly recommended to
override it in newDCCs to address code-specific design criteria or
specific economic design practices that want to be considered. In
addition to the property methods describing the minimum and
maximum section dimensions, Beam objects include properties
related to reinforcement design, such as admissible minimum
and maximum longitudinal reinforcement ratios and minimum
transverse reinforcement ratios, which can also be customised
in new DCCs. For longitudinal reinforcement, it is assumed that
beams include two layers of rebars (top and bottom) at any
section, and up to two different bar diameters in each layer. For
transverse reinforcement, the stirrup spacing may vary along the
beam length. Design forces (i.e., bending moments and shear
forces) are calculated at three critical sections along the length
of the beam–start, middle and end.

The Column objects represent rectangular or square columns,
with cross-section dimensions constrained by the upper and
lower limits and, in the case of rectangular sections, by the
aspect ratio. Like the Beam objects, each Column object includes
a preliminary design method that estimates the initial section
dimensions based on a preliminary estimate of the axial load
demand, providing a reasonable starting point for the iterative
design process. Customising this method in new DCCs is also
recommended to incorporate code-specific requirements, such as
axial load ratio limits. Similarly, in addition to property methods
for maximum andminimum section dimensions,Column objects
include properties related to the design of the longitudinal and
transverse reinforcements. For the longitudinal reinforcement,
columns are assumed to have a layer of rebars on each side,
symmetrically arranged with respect to the two local axes, where
the corner bars can have a different diameter than the internal
bars. For the transverse reinforcement, the stirrup spacing can
vary along the column and the number of legs on each axis can
be different. Design forces (i.e., axial forces, bending moments
and shear forces) are calculated at two critical sections along the
length of the column–start and end.

The base class defines three abstract methods that must be
implemented in new DCCs for both beams and columns to
effectively use these design forces in the iterative design processes
as follows: verification of section dimension adequacy during
the design iterations for the given design loads; calculation of
the required longitudinal reinforcement area to ensure sufficient
flexural strength and calculation of the required transverse
reinforcement ratio per unit spacing to ensure sufficient shear
strength. Nevertheless, the default attributes and methods that
control the changes to the dimensions during the design itera-
tions and are provided in the base classes can be directly used.
Likewise, themethods to computemoment capacities for capacity
design calculations are also provided, but they could be changed
in specific DCCs if required. It is also worth noting that while the
base classes for these objects include the computation of funda-
mental mechanical properties, the reduction factors considered
to compute the effective moment of inertia for these components
often vary across DCCs. For example, when considering older
design codes, these factors are typically set to one, as cracked
section properties were not taken into account.

4.2.5 Slab, Stairs and Joint Classes

The joints, slabs and stairs are also instantiated as lists of the
corresponding objects (Joint, Slab and Stairs) and based on their
basic geometric representations (i.e., Point and Rectangle). For
Slab objects, their thickness attributes are determined during the
initialisation using built-in methods that account for the slab
typology and span lengths. These objects are mainly responsible
for distributing the gravity loads to the supporting Beam objects.
In the case of one-way slabs (i.e., SS1 or HS), the loads are
transferred along the longer span to two parallel beams, while
in the case of two-way slabs, the loads are distributed to the
four peripheral beams. The Stairs objects serve a similar purpose.
Aside from identifying the staircase location and the associated
supportingBeam objects within theBuilding, Stairs objects define
the staircase slab thickness and facilitate the transfer of gravity
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loads to the supporting beams. Given that design practices for
determining the tributary area and the thickness may vary across
regions, developers can override these methods for the Slab and
Stairs classes in new DCCs, to ensure the framework aligns
with the desired local practices. Meanwhile, the Joint objects
inform the Building class instance about the connectivity of
beams and columns at each structural joint. These objects are
primarily utilised to compute relevant capacity design forces
when necessary and facilitate the numerical modelling later.
As their functionality is generally standardised, the need to
customise methods within the Joint class is unlikely.

4.2.6 Rebars Class

Reinforcement configurations and detailing for beams and
columns are managed by the Rebars instance during the design
process, utilising the required reinforcement to meet the struc-
tural demands computed by the aforementioned methods of the
Beam andColumn classes. Furthermore, for each component, the
reinforcement configuration is determined by taking into account
the available rebar diameters and spacings for longitudinal and
transverse reinforcement, as well as the detailing constraints.
In each DCC, the diameter and spacing options are retrieved
from a data file (e.g., rebars.json3), which lists the typical values
considered in the corresponding design practice. Meanwhile,
the base class provides default methods to define the detailing
constraints, such as the maximum spacing between rebars or
the minimum rebar diameters. However, it is often necessary to
override these methods in each DCC to accommodate differences
in building design codes.

4.2.7 Quality Class

Finally, after the simulated design algorithm produces the design
solution, the Quality object makes element-wise adjustments to
the design properties of beams and columns based on prescribed
construction quality levels. More specifically, parameters such as
the stirrup spacing, the concrete cover, the mean compressive
concrete strength and themean reinforcing steel yielding strength
(for both the longitudinal and the transverse reinforcements) are
modified by quality factors to establish expected in situ values
that will be adopted in the numerical modelling. The base class
provides a default method for randomly sampling these factors
for each component using the following predefined probability
distributions: a uniform distribution for stirrup spacing and log-
normal distributions for other parameters. Accordingly, quality
models for the prescribed levels (high, moderate, low) must be
introduced for each DCC through a dedicated data file (e.g.,
quality.json4), where the distribution parameters for sampling
the quality factors are specified for each level. Additionally,
the Quality object informs the framework about construction
quality-related nonlinear numerical modelling aspects utilised in
subsequent stages. In particular, each quality model defines the
bond-slip factors (ranging from 0 to 1) that are used to define
plastic hinge properties in beams and columns, as well as the type
of beam-column joint model (rigid, elastic or inelastic). Unless
additional design properties need modification or alternative
distribution types are required, overriding themethods of the base

class is not expected to be necessary, and providing the referred
data file is sufficient to implement quality-related adjustments for
any DCC.

5 Numerical Modelling Development

Considering the quality-adjusted or in situ material properties
and reinforcement detailing, the framework transforms the
building design data stored in the BDIM into 3D nonlinear
structural models, such as the one shown in Figure 7, which
can be readily analysed in OpenSees [50]. As described ear-
lier, this is accomplished through the bnsm package which
includes a set of modules designed to manage the structural
components effectively. In this package, components such as
beams, columns, floors, joints and foundations, along with
structural nodes, are represented by classes which encapsulate
the essential properties and methods for determining parameters
required to model each structural element. Additionally, these
classes include methods to export commands for constructing
OpenSees objects, as well as the functionality to run these
models in real-time. Meanwhile, the Model class serves as the
orchestrator for assembling the structural model. It streamlines
the model construction process, integrating all component-level
objects and ensuring compatibility with the design data by
incorporating quality-related modelling aspects. Furthermore,
the Model class includes methods to carry out modal analy-
sis for dynamic characterisation and nonlinear static pushover
analysis for evaluating seismic performance. It enables real-time
analysis upon constructing the numerical model and supports
exporting a comprehensive set of .py and .tcl scripts defining the
numerical models and the corresponding analysis routines for
OpenSees.

While multiple modelling approaches can be incorporated into
the framework, the current implementation adopts a lumped
plasticity approach to simulate the nonlinear behaviour of frame
elements, as illustrated in Figure 7. Accordingly, at the ends
of each frame element, accounting for the rigid joint offsets,
zeroLength elements are introduced to simulate the moment–
rotation response of the expected plastic hinges. For each beam,
in-plane flexural behaviour is defined by a single rotational spring
whereas, for columns, two rotational springs are defined for each
orthogonal direction. More specifically, these springs are defined
with the Hysteretic uniaxial material model in OpenSees. The
yielding moment and the yielding rotation capacity are deter-
mined according to Panagiotakos andFardis [66] andEurocode 8–
Part 3 [29], while the rest of the parameters are obtained according
to the Haselton et al. [67] and ASCE/SEI–2017 [68]. The bond-slip
factor set by the quality model is included in the computation
of the plastic rotation capacity, thus ensuring that construction
quality effects are accounted for in the hinge properties. The
zeroLength elements are connected in-series with a linear elastic
interior element where the elastic element stiffness is modified in
accordance with Zareian and Medina [69] to prevent unrealistic
damping in the model during the dynamic analysis. Although
the numerical modelling approach does not account for the
interaction between axial flexure behaviours of columns, the
properties of the backbone curve of columns are determined
considering the axial force corresponding the specified seismic
load combination. Unless different load factors are provided,
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FIGURE 7 Example of a 3-D model and representation of the numerical modelling approach in a plane-view (HG, HS: ground/typical storey
heights;M–θmoment–rotation behaviour of a rotational spring; V–Δs: force–displacement behaviour of a shear spring).

this load combination is set by the default factors defined for
all permanent and variable loads, respectively. Similarly, these
default factors are used for defining gravity loads and masses
unless explicitly specified otherwise.

To account for the potential shear failure in columns when
capacity design principles are not followed, shear springs are
included in the zeroLength elements, as represented in Figure 7.
TheLimitStatemodelwith theThreePoint limit curve proposed by
Elwood andMoehle [70] and Elwood [71] is adopted for the shear
hinge material. In particular, the displacement ductility-related
shear strength degradation trilinear limit curve proposed by
Sezen and Moehle [72] is adopted for each orthogonal direction.
Accordingly, the shear strength is obtained using the model
proposed in ASCE/SEI–2017 [68], which extends the formulation
provided by Sezen and Moehle [72] by incorporating reductions
in the truss mechanism strength for sections with widely spaced
stirrups. The initial stiffness and the degradation stiffness of
the model are obtained using the expressions proposed by
LeBorgne and Ghannoum [73] and Shoraka and Elwood [74],
respectively.

The beam-column joints shown in Figure 7 are modelled using
the zeroLength elements placed between the central joint and
floor nodes, both defined at the same location. More specifically,
the central joint nodes, to which structural masses are assigned,
establish the connectivity between beam and column elements,
whereas the floor nodes are constrained by the rigid diaphragm
to simulate the presence of floor slabs. The joint flexibility
is considered only in the rotational degrees-of-freedoms with
respect to the two horizontal axes. As mentioned earlier, the
moment–rotation behaviour of the joints is represented using
either inelastic, elastic or rigid materials, depending on the joint
type specified in the quality model. The behaviour of inelastic
joints is characterised by a Hysteretic uniaxial material with
material parameters obtained fromdifferent expressions specified
by O’Reilly [75] and O’Reilly and Sullivan [76] for various joint
locations in the building, such as roof, interior or exterior joints.
Meanwhile, the stiffness of the elastic joints is derived from the
first branches of the backbone curves.

6 Example Application

To demonstrate the applicability of the framework, several exam-
ple applications are presented herein. Although, the DCCs inher-
ited from baselib are utilised in these examples, their details are
not discussed here for the sake of brevity. The objective is to show-
case the framework and the possibilities it offers. Future work
will look to build on this framework and discuss details regarding
the implementation of DCCs for various regions. The complete
dataset produced in these examples is available as electronic
supplements and at https://github.com/builtenvdata/simulated-
design/tree/main/data/core-article-data. Still, for conciseness,
only a subset of the outputs obtained from the framework is
discussed herein.

To showcase building-to-building variability within a building
class, an example portfolio consisting of 30 buildings was gen-
erated. The considered RC frames were assumed to have four
storeys, a design class of CDL, and were designed for a β
value of 0.1. To ensure reproducibility, the sampled BCIM data,
summarised in Figure 8, were generated using the example
values specified in Appendix A regarding the parameters of
the probabilistic models. The single-threaded execution for this
operation took approximately 123 s on a standard laptop with
an 11th Gen Intel Core i7-1165G7 processor, suggesting a rea-
sonable computational performance for large-scale applications.
As can be seen from Figure 8, the variability exhibited by both
the secondary attributes and geometry variables among the 30
buildings designed using the framework is evident. For instance,
the distribution of slab, beam and column types demonstrates
a mix of structural configurations. Similarly, the variability in
material grades and construction quality levels further reflects
differences in construction characteristics of buildings. Geometry
variables also exhibit notable variability, including diverse layout
IDs numbered according to Figure 4b, storey heights and bay
widths (beam span lengths) in both the X and Y directions.
Furthermore, the properties such as floor area, floor aspect
ratio and total storey height, computed based on the sampled
geometry variables, reveal a substantial variation across the port-
folio. This highlights the framework’s ability to generate a wide
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FIGURE 8 The histograms of generated BCIM data. Light-blue bars represent sampled design attributes, orange bars depict sampled geometrical
variables and light-green bars correspond to resulting geometrical properties.

FIGURE 9 Normalised pushover curves obtained for the generated building nonlinear structural models.

range of realistic configurations consistent with findings in the
literature [16, 51, 52, 77–80]. Moreover, the normalised capacity
curves obtained from nonlinear static pushover analyses of the
simulated building designs under a fundamental mode-based
load pattern, as presented in Figure 9, reveal significant differ-
ences between the buildings in terms of seismic performance.

While not carried out here, these different design simulations
could be analysed using ground motion records to develop
fragility and vulnerability models needed for risk assessment.
Collectively, these outcomes showcase the framework’s capability
to effectively capture building-to-building variability within a
portfolio.
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FIGURE 10 Beam and column properties for CDL and CDH buildings designed for varying β values.

To highlight the simulated design capabilities of the framework,
the same BCIM data were processed for two different design
classes, CDL and CDH, to generate the corresponding BDIM
data at various seismic hazard levels (i.e., different β values).
Figure 10 illustrates the resulting beam and column properties
across these design classes and seismic hazard levels. The results
show a clear trend: both the average section dimensions, which
are proportional to concrete volumes, and the total reinforcement
volumes increase for higher β values. This outcome is expected
since higher seismic hazard levels demand a greater structural
capacity to resist larger forces to ensure safety. The increase
in concrete and reinforcement volumes highlights how the
framework adapts the designs to meet higher seismic demand
levels, here represented generally by the design classes CDL and
CDH. Additionally, the values shown for the reinforcement ratios
and ratios of beam and column volumes to building volume can
be seen to be within the ranges reported in the literature [16, 51,
52, 77–80], indicating the realistic nature of the building designs
that were obtained.

Figure 10 also highlights an important distinction between
the CDL and CDH design classes with respect to transverse
reinforcement requirements. CDH beams and columns exhibit
significantly higher transverse reinforcement volumes and ratios
when compared to those obtained for the components design for
the less stringent CDL design class. These differences reflect the
stricter requirements of modern design codes, where promoting
ductile mechanisms and avoiding brittle failure is a primary
concern. Furthermore, in terms of longitudinal reinforcement,
CDH columns have substantially higher reinforcement ratios
when compared to those of CDL columns, particularly for higher
β values. This aligns with the enforcement of capacity design
principles inherent to modern design codes [81], which introduce
the strong-column and weak-beam concepts to enhance global
ductility and reduce the likelihood of soft-storey collapse. Inter-

estingly, the longitudinal reinforcement can be seen to be similar
between CDH and CDL beams for higher β levels, while it is
higher in CDL beams for lower β levels. In the current imple-
mentation of CDL, this difference arises because the gravity load
combinations considered for CDL include larger factors at lower
hazard levels, resulting in higher reinforcement requirements
for beams in these scenarios. However, this deviation from the
concept of strong-column to weak-column makes CDL buildings
more vulnerable to brittle failure in the event of large seismic
events.

To further illustrate the capabilities of the framework, an
additional comparative analysis is proposed herein which distin-
guishes the seismic performance of the different design classes
considered by the framework. The BCIM data of the previous
example was processed now to determine the BDIM data for
one building of each design class designed for varying β values
and the same layout. Pushover analyses were then performed
using the numerical models of the buildings to determine their
normalised capacity curves, which are presented in Figure 11.
As can be seen, the CDN curves are the same for all β values
since this building class only involves design for gravity loads.
On the contrary, the normalised base shear (or strength ratio)
values of buildings from the other design classes increase with β,
as expected. Moreover, when seismic design is considered (β> 0),
the strength ratios for a given β value progressively increase
from CDL to CDH, reflecting the evolution of seismic design.
Regarding ductility, CDH buildings exhibit significant ductile
behaviour regardless of the β value, as modern capacity design
principles are followed in their design. Conversely, buildings of
other design classes demonstrate limited levels of ductility. More-
over, as β increases, CDL and CDM buildings begin to exhibit
brittle behaviour due to the occurrence of shear or joint failure.
The main underlying reason for this behaviour is the lack of
capacity design requirements in shear design. As β increases, both
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FIGURE 11 Normalised pushover curves obtained for varying design classes and β values.

the cross-section and longitudinal reinforcement area of beams
and columns increase but without guaranteeing the prevention
of brittle failure mechanisms. However, it should be noted that
brittle failures can also take place for lower β values if different
BCIM data are used. Overall, these results underscore critical
differences in the structural design philosophies, which can be
reflected in the building portfolios obtained by the proposed
simulated design process.

7 Conclusions

This article presented a novel framework for the simulated
design of buildings, providing a systematic and adaptable
methodology for addressing building-to-building variability and
evolving seismic design practices across different regions over
time. By combining probabilistic sampling with iterative design
algorithms, the framework enables the generation of realistic
building designs, and the corresponding numerical models, that
are aligned with regional or country-specific contexts. These
numerical models, in turn, can facilitate the development of
vulnerability models, which reflect the building-to-building vari-
ability inherent to the corresponding building class, thereby
enhancing the reliability of large-scale (i.e., regional) seismic
risk assessments. The framework’s open-source Python imple-
mentation leverages object-oriented programming principles to
ensure modularity and extensibility. This enables the earthquake
engineering community to seamlessly integrate the framework
into existing workflows, customise it for specific regional appli-
cations and extend its capabilities to accommodate different
seismic design practices and alternative numerical modelling
approaches. The current capabilities of the framework have been
demonstrated through a series of examples that emphasise the
importance of the taxonomy attributes and geometry variables
involved in the design process. The variability of structural

design properties captured in the simulated designs clearly
reflects the differences between historical and modern design
philosophies. Therefore, these outcomes validate the framework’s
ability to generate realistic and regionally relevant building
portfolios.

The framework was demonstrated here for the specific case of
reinforced concrete (RC) moment resisting frames (MRF), and
the applications yielded very promising results. Future devel-
opments aim to broaden its applicability by incorporating addi-
tional structural systems (e.g., RC walls, steel MRFs). Moreover,
expanding the geometry database to include irregular layouts
and introducing alternative linear elastic analysis methods for
both historical and modern seismic design practices, including
response spectrum analysis and simpler 2D approaches, would
further enhance its versatility and reliability. Similarly, alternative
nonlinear modelling approaches to address modelling aspects
such as the axial–flexure interaction in columns can be easily
introduced given its modular nature. Likewise, since most of
the RC frame structures also have the infill walls, which sig-
nificantly affect the stiffness, strength and overall behaviour of
RC structures, they need to be incorporated into the numerical
modelling to achieve more accurate representations of building
performance. While the framework’s adaptability offers substan-
tial opportunities for expanding the range of available design
classes through collaborative contributions, this requires further
research on the evolution of design codes and practices for
individual countries. It is also worth noting that as the framework
continues to evolve, it will become possible to validate its outputs
through comprehensive comparisons with empirical data and
actual design case studies from individual countries. By estab-
lishing a community-driven, extensible approach, we anticipate
that subsequent researchwill progressively refine and validate the
framework’s predictive capabilities and design methodologies.
These enhancements will be crucial to demonstrate the accuracy,
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reliability and adaptability of the framework across different
geographical and regulatory contexts.

In conclusion, the proposed framework not only addresses the
current challenges in simulating realistic building designs that
are vital when assessing seismic vulnerability and developing
research innovations but also lays the groundwork for future
advancements through community-driven enhancements. Col-
laboration within the earthquake engineering community is
essential for the continued evolution of this framework. The
framework will soon be integrated into the BED initiative
through a web-based service and will feature a user-friendly
graphical interface. This integration will provide a collabo-
rative platform for advancing seismic design methodologies,
promoting shared knowledge and for developing more compre-
hensive and reliable multi-hazard risk assessments for the built
environment.
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Appendix

TABLE A1 The complete list of input parameters utilised in BCIM generation.

Parameter (type) Description Example input

*design_class (str) Seismic design class of the building “eu_cdl”
*sample_size (int) Size of the sample to be generated 30
*beta (float) Design lateral load coefficient 0.1
*num_storeys (int) Number of storeys in the building, x ∈ Z ∩ [1,8] 4
seed (int) Seed value for random number generation 2
square_column_prob (float) Probability of having square columns, x ∈ R ∩ [0.0,1.0] 0.5
layout (list[str]) List of layout ids considered for building generation (equal

probability is assigned to each)
[“B01”, . . . , “B10”]

wb_prob_given_hs (float) Probability of having wide beams (WB) given slab type is HS, x ∈ R ∩

[0.0,1.0]
0.5

typical_storey_height (dict) Dictionary containing the nested parameters required for typical
storey height sampling

See Table A2 for nested
parameters

ground_storey_height (dict) Dictionary containing the parameters required for ground storey
height sampling

See Table A3 for nested
parameters

steel (dict) Dictionary containing the parameters required for steel grade
sampling

See Table A4 for
nested parameters

concrete (dict) Dictionary containing the parameters required for concrete grade
sampling

See Table A5 for nested
parameters

construction_quality (dict) Dictionary containing the parameters required for sampling
construction quality levels

See Table A6 for nested
parameters

staircase_bay_width (dict) Dictionary containing the parameters required for sampling
staircase bay widths

See Table A7 for nested
parameters

standard_bay_width (dict) Dictionary containing the parameters required for sampling
standard bay widths in principle horizontal directions X and Y

See Table A8 for nested
parameters

slab_typology (dict) Dictionary containing the parameters required for slab typology
sampling

See Table A9 for nested
parameters

*Required.

TABLE A2 The nested parameters of ‘typical_storey_height’.

Parameter (type) Description Example input

cv (float) Coefficient of variation (standard deviation/mean) 0.07
mu (float) Mean value for the typical storey heights 2.9
lower_bound (float) Lower bound value for sampling 2.3
upper_bound (float) Upper bound value for sampling 3.8

TABLE A3 The nested parameters of ‘ground_storey_height’.

Parameter (type) Description Example input

maximum (float) Maximum possible ground storey height 4.2
factor (list[float]) List of adjustment factors for ground storey heights [1.0, 1.1, 1.2, 1.3, 1.4]
Probability (list[float]) List of probabilities for the occurrence of each factor

(summation should be equal to 1.0)
[0.55, 0.10, 0.20, 0.10, 0.05]
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TABLE A4 The nested parameters of ‘steel’.

Parameter (type) Description Example input

grade (list[str]) List of steel grades or tags used in the dataset [“S240”, “S400”, “S500”]
Probability (list[float]) List of probabilities for the occurrence of each steel

grade (summation should be equal to 1.0)
[0.20, 0.70, 0.10]

TABLE A5 The nested parameters of ‘concrete’.

Parameter (type) Description Example input

grade (list[str]) List of concrete grades or tags used in the dataset [“C14”, “C19”, “C25”]
probability (list[float]) List of probabilities for the occurrence of each concrete

grade (summation should be equal to 1.0)
[0.40, 0.40, 0.20]

TABLE A6 The nested parameters of ‘construction_quality’.

Parameter (type) Description Example input

quality (list[int]) List of quality levels represented as IDs, x ∈ {1,2,3}
(1: High, 2: Moderate, 3: Low)

[1, 2, 3]

probability (list[float]) List of probabilities for the occurrence of each
quality level (summation should be equal to 1.0)

[0.60, 0.30, 0.10]

TABLE A7 The nested parameters of ‘staircase_bay_width’.

Parameter (type) Description Example input

lower_bound (float) Minimum possible width of the staircase bay 2.8
upper_bound (float) Maximum possible width of the staircase bay 3.2

TABLE A8 The nested parameters of ‘standard_bay_width’.

Parameter (type) Description Example input

corr_coeff_xy (float) Correlation coefficient between X and Y direction bay widths,
x ∈ R ∩ [-1.0,1.0]

−0.92

lower_bound_x (float) Lower bound of truncated log-normal distribution for X direction 3.5
upper_bound_x (float) Upper bound of truncated log-normal distribution for X direction 7.5
theta_x (float) Median of log-normal distribution for X direction 4.5
sigma_x (float) Logarithmic standard deviation for X direction 0.35
lower_bound_y (float) Lower bound of truncated log-normal distribution for Y direction 3.5
upper_bound_y (float) Upper bound of truncated log-normal distribution for Y direction 7.5
theta_y (float) Median of log-normal distribution for Y direction 4.5
sigma_y (float) Logarithmic standard deviation for Y direction 0.35

TABLE A9 The nested parameters of ‘slab_typology’.

Parameter (type) Description Example Input

ss1_prob_given_ss1_or_hs (float) Probability of SS1 type slab given SS1 or HS, x ∈ R ∩ [0.0,1.0] 0.5
ss2_prob_given_ss2_or_hs (float) Probability of SS2 type slab given SS2 or HS, x ∈ R ∩ [0.0,1.0] 0.65
max_ss_short_span (float) Upper limit for the short span length in solid slabs (SS1, SS2), in metres 6.0
max_ss2_aspect_ratio (float) Upper limit for the aspect ratio in SS2 slabs x ∈ R ∩ (1.0, ∞) 2.0
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